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ARTICLE
The importance of cognitive diversity for sustaining
the commons
Jacopo A. Baggio1,2, Jacob Freeman3,4, Thomas R. Coyle5, Tam The Nguyen6, Dale Hancock5, Karrie E. Elpers5,
Samantha Nabity3, H.J.Francois Dengah II3 & David Pillow5
Cognitive abilities underpin the capacity of individuals to build models of their environment
and make decisions about how to govern resources. Here, we test the functional intelligences
proposition that functionally diverse cognitive abilities within a group are critical to govern
common pool resources. We assess the effect of two cognitive abilities, social and general
intelligence, on group performance on a resource harvesting and management game invol-
ving either a negative or a positive disturbance to the resource base. Our results indicate that
under improving conditions (positive disturbance) groups with higher general intelligence
perform better. However, when conditions deteriorate (negative disturbance) groups with
high competency in both general and social intelligence are less likely to deplete resources
and harvest more. Thus, we propose that a functional diversity of cognitive abilities improves
how effectively social groups govern common pool resources, especially when conditions
deteriorate and groups need to re-evaluate and change their behaviors.
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In the biological and the social sciences there are few topics asimportant as the consequences of diversity for the functioningand transformation of ecosystems and social systems1–4. One
of the most important lines of research in ecology, for instance, is
the effect of diverse functional traits on the stability and efficiency
of ecosystems1,5. Functional traits include physiological, mor-
phological, and phenological traits that affect individual fitness6,7
and provide mechanistic insights into how species may respond
to disturbance. A system with higher functional diversity and
redundancy of functions allows ecosystems to withstand dis-
turbance and maintain a consistent level of productivity1,5,8–11.
For example, fisheries with a greater diversity of functional
groups produce a higher level of fish biomass more consistently
than less diverse fisheries12. While the consequences of a func-
tional diversity of traits are well understood for ecosystems, the
effects of functional traits within cognitive and social contexts on
the governance of natural resources is less well developed.
Akin to functional traits in ecology, cognitive functional traits,
such as general (g) and social intelligence, specifically, theory of
mind (ToM), are domain general mental abilities that allow
individuals to process information and adapt in social-ecological
settings. g reflects the variance common to mental tests (e.g. IQ
tests) and measures the ability of individuals to engage in com-
plex reasoning and abstract thought13. ToM is the ability to
model and reason about the intentions of others14–16. Given these
definitions and the different tasks that g and ToM help indivi-
duals accomplish, we postulate that a functional diversity of
intelligences improves the ability of groups to govern resources
and that intelligence functional diversity is maximized when
groups have high competency in both g and ToM. In particular,
in this paper, we investigate the effects of cognitive functional
diversity on the ability of social groups to govern a common pool
resource system.
A common pool resource system is a system in which resources
are non-excludable (all individuals have access) and the harvest
decisions of each individual affect the availability of resources for
the entire group (i.e., the resource is rivalrous). In such systems,
governance entails developing rules and norms that allow indi-
viduals to harvest the resource now and, at the same time, create
incentives for sharing and preserving the resource for future
generations17,18. In order to assess the relationship between a
group’s ability to sustain common pool resources and cognitive
abilities, we conduct behavioral experiments in a spatially explicit
common pool resource system to test the functional intelligences
proposition (FIP)19.
The basic premise of the FIP is that g and ToM serve different
functions. This statement is supported, first, by the fact that high
g individuals with autism show a deficit in ToM14, and when such
high ability individuals attempt to model others’ mental states,
brain regions associated with ToM remain inactive14. Second,
while aspects of g (e.g., cause and effect detection and transitive
inference) are pervasive among vertebrates20, evidence of ToM
remains rare20. The best evidence of ToM among nonhuman
vertebrates comes from social animals with complex commu-
nication systems, in particular, blue jays, ravens, and chimpan-
zees21. These patterns suggest a widespread convergent selective
pressure for the ability to detect cause and effect and reason about
such relationships (aspects of g) among vertebrates, but this
selective pressure does not, apparently, lead to widespread ToM
abilities. In other words, the two abilities are not co-evolving in
nature. Finally, direct measures of social-cognitive ToM weakly
correlate with measures of g among human populations22.
Given that g and ToM serve distinct functions, both abilities
should affect the performance of social groups that attempt to
harvest common pool resources. This is because harvesting
common pool resources requires both a cognitive mapping of
resource dynamics and effective models of others’ intentions. In
particular, we propose that the highest functional diversity of
intelligence occurs when groups contain individuals with high
g and high ToM. In this scenario, groups are made up of indi-
viduals good at mapping their biophysical environment and
individuals good at mapping and communicating intentions
within their social environment. In short, g and ToM should
interact, and, as both abilities increase, groups should more
effectively solve the collective action dilemmas that arise in a
common pool resource system. However, if either capacity
declines, collective action becomes more problematic and thus the
sustainable management of resources more difficult.
Collective action dilemmas continually arise in a common pool
resource system because of the incentives that an individual has
to maximize her gains while dealing with uncertainties related to
resource abundance and the behavior of other individuals in the
system. Such uncertainty, along with the willingness to maximize
one’s own gain, creates an incentive to over exploit resources.
Following Hardin’s seminal work23, only two strategies were once
thought capable of solving such dilemmas and conserving com-
mon pool resources: (1) strong, top–down state control, and (2)
privatization23. However, the depletion of common pool resour-
ces does not inevitably occur absent state control or private
property rights18. In fact, researchers have documented multiple
cases in which groups sustainably manage common pool
resources from the bottom-up17,18,24–27. These groups often
display five common characteristics: They (1) adapt rules of
harvesting and resource appropriation to local resource dynamics;
(2) establish a proportionality between the provision and
appropriation of resources; (3) monitor the resource itself; (4)
sanction those who do not comply with the community rules (or
the rules of the commons); and (5) clearly define who has access
to harvesting resources17.
In the context of the five characteristics above, g is critical to
understand the local resource dynamics13,28. Higher g should
allow groups to analyze and assess resource changes, hence the
higher the total group g (or the average), the more likely a group
contains many individuals who model resource dynamics cor-
rectly and notice changes in local resource conditions29. However,
higher g also implies an increase in individuals who rationally
calculate the costs and benefits of using resources and more
readily compute strategies that will yield the highest net benefit to
themselves30. Thus, the effects of g on the harvest of common
pool resources should remain context dependent. For example,
harvesting resources in systems where boundaries, monitoring of
resources and rule matching are irrelevant, high g individuals
should maximize their own short-term rewards31. However,
when harvesting resources in common pool resource systems,
higher g individuals assess uncertainty in both the resource
(abundance and dynamics) as well as in others’ behavior. Espe-
cially when uncertainty related to others’ behavior is high, high g
individuals are more likely to defect in order to maximize their
current benefit, potentially leading to the overharvest of
resources32.
ToM is critical for individuals to model and monitor others’
mental states and social positions14,15,33. Higher ToM should
increase an individual’s ability to anticipate and monitor others’
behaviors, abide by inclusive rule making and diffuse more effi-
ciently, either through their actions or words, conflicts that may
arise in common pool resource systems33–36. A higher ability to
model others’mental states is associated with more efficient social
interactions and more pro-social behavior as defined by Frey37,
allowing groups with higher ToM to build and maintain fair and
legitimate rules that take proportionality and local circumstances
into account. Intelligence research in psychology also indicates
that increases in ToM improves the ability of groups to achieve a
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mutually beneficial goal in a static environment. For example,
Woolley and colleagues36 find that the g of individuals does not
predict a general group level intelligence factor but ToM
does35,36. This means that groups with higher ToM perform
better on a battery of tasks than groups with lower ToM scores. In
contrast with g, where the sum of the ability of individuals
forming a group drives the overall understanding of a system, any
one individual with low ToM may jeopardize the whole group’s
ability to devise effective rules to manage the system29,38, redu-
cing a group’s ability to manage resources in the face of change
and, in some cases, leading to overharvest.
In the case of environmental change that affects resources, a
functional diversity of cognitive abilities should be critical for
adapting to negative changes (HL treatment –discussed below),
while, perhaps, not as important when environmental change
improves a resource (LH treatment–discussed below). The dif-
ference in the importance of cognitive abilities may stem from the
difference between resource and group dynamics when condi-
tions improve vs. degrade. When conditions improve, there is no
need for re-negotiation and one can keep behaving as she did in
the past without adverse consequences. On the other hand, when
conditions deteriorate, harvest behavior needs to change in
accordance with the new condition of local scarcity. In this
context, negotiations about resource appropriation need to hap-
pen in order for the group to continue to manage resources
sustainably. For example, in repeated and environmentally stable
situations, all groups may eventually find optimal solutions (i.e.,
learning by doing). However, when the ecological system changes,
effective mental models of the underlying resource dynamics, as
well as other individuals’ behavior are critical. More effective
information processing improves learning and adaptation.
Groups composed of individuals with higher g should better
adapt to changes in their resource base than groups with lower g,
as groups with higher g more readily detect changes in a system
and devise rules to match such changes. However, changes in the
biophysical resource system often require the re-negotiation of
social rules and the communication of new knowledge. Hence,
higher ToM should increase a group’s ability to work towards a
common goal.
In sum, the combination of high g and high ToM should lead
to groups who are better at solving collective action dilemmas
and, thus, managing a common pool resource system19. Figure 1
summarizes the predicted interaction between g and ToM. In the
lower right quadrant, groups composed of many individuals with
high g should effectively monitor a resource and develop rules
that match the dynamics of the resource. However, such groups
also have low ToM and should experience more conflict, espe-
cially when a system changes. The costs associated with conflict
should nullify the gains from higher g. Another way to think
about this prediction is that ToM affects how efficiently indivi-
duals cooperate in groups and may lead to the emergence of a
general group intelligence factor39. When ToM is low, a group
has a lot of individual cognitive capital relevant to understanding
the resource, but conflict and difficulty communicating blunt the
emergence of a group level intelligence that harnesses the indi-
vidual level capital to maintain good governance over time.
Similarly, in the upper left quadrant, groups with high ToM but
low g should lack individuals with effective mental models of how
a resource system works, and this may nullify the benefits of more
amicable groups. In the lower left quadrant, low g and ToM
groups should find it difficult to understand the resource system
and effectively work together, which should lead to poor gov-
ernance. Finally, in the upper right quadrant, high g and ToM
should improve governance, especially in a system susceptible to
negative changes in a resource base over space and time. Groups
that contain individuals with high g and high ToM understand
the system well and more efficiently work together to govern a
resource.
Our results indicate that groups with high g and ToM better
adapt to deteriorating environmental conditions. Such groups are
less likely to deplete resources and harvest more resources, as
these groups have a better understanding of how the system
works and are also able to negotiate and communicate effectively.
Conversely, our results also indicate that when conditions
improve, groups with high competency in g more effectively reap
the benefit of the positive change. In fact, high g, along with
reciprocity, is sufficient for groups to perform well when resource
conditions improve, as conflict situations are less likely to arise
when resources are plentiful. In this situation the discriminating
variable between group performances is how well each group
understands the resource system.
Results
Assessing effects of g and ToM. To evaluate the effects of a
functional diversity of intelligence capacities, we ran behavioral
experiments by modifying the experimental environment devel-
oped by Janssen and colleagues40. The experimental environment
consists of a spatially dispersed resource (tokens) that grows
according to a density-dependent function (see Supplementary
Method 5). In this environment, groups of four harvest tokens for
six rounds. Two experimental treatments manipulate the growth
function to simulate a perturbation to the resource base of the
common pool resource (see Methods and Supplementary
Method 5). In treatment one, groups harvest resources at a high
growth rate for three rounds and then experience a sudden
decline in the growth rate of the resource and harvest resources
with a lower growth rate for another three rounds (HL treat-
ment). In treatment two, the exact opposite sequence occurs (LH
treatment). In both treatments, groups harvest tokens with a
specific growth rate for three rounds (rounds 1–3), and then with
a changed growth rate for another three rounds (rounds 4–6).
The change always occurred between rounds 3 and 4.
To isolate the effects of g and ToM, we use three response
variables. (1) The time a group stares at a collapsed resource in a
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Fig. 1 Predicted interaction effects of g and ToM on the ability of groups to
harvest resources and adapt to changes in resource growth
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round that a group stares at an empty screen, due to complete
resource depletion, the less effectively they governed the common
pool resource. (2) The difference in the percentage of potential
tokens harvested, on average, before and after an ecological
change (ΔT, see also Supplementary Method 1 for details). The
lower (or negative) this difference, the less intense the harvest
pressure on the resource after the change in resource growth. (3)
The percentage of potential tokens harvested per round (avgT, see
also Supplementary Method 1 for details). This metric estimates
how fully each group uses the resource round-to-round. The
three metrics used are related, and assess slightly different group
performance metrics: Time relates to resource depletion and
collapse; ΔT relates to harvest pressure pre vs.post environmental
change, and avgT relates to the ability of groups to harvest at the
optimal level.
Based on previous work, we first assess the effect of g and ToM
on Time and ΔT controlling for factors known to affect the ability
of groups to sustainably manage common pool resources: (1) the
volume of communication during the experiment, (2) a self-
reported measure of trust, (3) ethnic diversity, (4) religious
diversity, (5) the proportion of males in each group, and (6)
reciprocity40–46. Communication and trust often have positive
effects on sustaining a common pool resource40–43. Cross-cultural
studies suggest that within-group ethnic and religious homo-
geneity45,46 have positive effects on the governance of resources.
Finally, previous work also indicates that gender composition
may also affect the ability of groups to manage common pool
resources43, and that individuals are more likely to cooperate in
the future rounds of repeated games if they cooperated in
previous rounds42,47. Controlling for these factors, we find that
groups with high g and high ToM manage a common pool
resource better than groups lacking in one or both of these
distinct cognitive abilities.
Secondly, we assess a three-way interaction effect of g, ToM
and ecological change on avgT in order to assess how cognitive
abilities affect a group’s ability to follow the best cooperative
protocol for maximizing the number of tokens collected. When
environmental conditions deteriorate (HL treatment), we find,
once again, that groups with both high g and high ToM harvest
closer to the optimal level than groups lacking in one or both of
these distinct cognitive abilities.
Interaction effect of g and ToM on governing the commons. To
evaluate the effects of g and ToM on the ability of groups to
manage common pool resources, we used a general linear model
by re-scaling the dependent variable Time in the [0,1] interval.
Where both 0 and 1 have a theoretical positive probability of an
actual outcome: 0= a group is able to harvest tokens until the end
of a round, and 1= a group collapses the resource immediately.
We ran six models per treatment. For example, model HLt1
regresses Time on g, ToM, g*ToM and the results of the previous
round. Model HLt2 includes all of the independent variables of
HLt1, plus communication volume and so on until model HLt6,
which includes all of the additional factors (see also Supple-
mentary Method 2 and Supplementary Table 2).
In both the high-to-low (HL) and low-to-high treatments (LH),
the performance of a group in the previous round always has a
significant effect on the current round (see Supplementary
Method 2 and Supplementary Table 2 for more details). For
example, if groups sustain their resource until near the end of
round two, they are more likely to do so in round three as well. In
the LH treatment, performance in the previous round is the only
significant factor affecting Time. This may occur because
beginning the game with very low resource growth sends an
unambiguous signal to individuals that the resource is on the edge
of collapse. This lack of ambiguity about the consequences of
harvesting too fast could, potentially, impact the importance of
cognitive factors in managing the resource (i.e., the problem is
simple). However, in the HL treatment, in addition to the
previous round variable, g and ToM have a significant interaction
effect.
The interaction effect of high g and high ToM is illustrated by
Fig. 2 (see also Supplementary Method 2, Supplementary Table 2
and Supplementary Fig. 7). Figure 2 portrays a series of marginal
effect plots (one for each regression model run in each treatment).
The dark blue shading is the parameter space in which groups of
corresponding g and ToM values have a higher probability of
harvesting resources up to the end of a round, and, as the shading
becomes lighter and redder, groups have a higher probability of
spending more time staring at an empty screen as resources
deplete. Figure 2 illustrates that groups with both high g and high
ToM are less likely to collapse their resource, especially in the HL
treatment, before a round ends. However, Fig. 2 indicates that
increases in g or ToM alone increase the probability of over-
harvesting (see also Supplementary Table 2). For example, in the
plot labeled HLt1, the dark blue is in the upper right hand corner
of the graph where g and ToM are both high. That is, groups with
high g and high ToM use resources more sustainably. However,
low ToM and high g (bottom right corner of a given plot) or high
ToM, low g (top left corner of a given plot), lead to a higher
probability of collapsing the resource well before a round
completes. This pattern is displayed in both treatments; however,
the effect is weaker in the LH treatment and only significant in
the HL treatment (see Supplementary Method 2, Supplementary
Table 2). These results are further confirmed by analyzing the
interaction between cognitive abilities and the ecological change
(see Supplementary Method 3, Supplementary Table 2 and
Supplementary Fig. 8). The interaction term is, once again,
significant and negative, while g and ToM alone have a positive
effect on Time. In other words, groups with both high g and high
ToM, are more likely to avoid resource depletion. Conversely,
high g and low ToM or vice-versa is associated with a faster
collapse of the resource (Fig. 2, Supplementary Method 2,
Supplementary Table 2, Supplementary Method 3, Supplemen-
tary Table 4 and Supplementary Fig. 8).
To follow up on the results presented above, we ran an OLS
regression employing intelligence (g, ToM, and g*ToM) to
predict changes in the percentage of the maximum potential
tokens harvested before and after an ecological change: ΔT (see
Fig. 3, and Supplementary Table 3). This allows us to track, on
average, whether cognitive abilities influence groups’ responses
to ecological changes by increasing (i.e. harvest more tokens
after a change, ΔT > 0), reducing (i.e. harvest fewer tokens after
a change, ΔT < 0) or maintaining constant pressure (ΔT= 0).
Analogous to above, we ran six models per treatment, one that
includes just g, ToM & g*ToM and five that include control
variables (see Supplementary Method 2 and Supplementary
Table 3 for more details). We find that across all regression
models g and ToM have positive, statistically significant
independent effects on the response variable ΔT (Supplemen-
tary Table 3). This means that where either g or ToM is higher
alone, groups harvest more of the potential tokens from the
resource system after an ecological change and, thus, push the
system closer to a potential collapse. However, g and ToM also
have a negative, statistically significant interaction effect on ΔT.
This indicates that when g and ToM are higher together,
resources are harvested more sustainably after an ecological
change. In short, after a perturbation changes the growth rate of
the resource, groups with high g or high ToM alone push the
resource closer to its ecological limit (increase harvest
pressure). The interaction of g and ToM compensates for these
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individual effects of g and ToM, indicating that groups with
high values of both cognitive abilities more readily adapt to a
perturbation to their resource system and maintain a more
sustainable harvest.
These results are further supported by analyzing the ability of
groups to harvest resources near the optimal level for a
simulated group (avgT). In this regression analysis, we include a
three-way interaction between g, ToM, and ecological change
(see Supplementary Method 3 and Supplementary Table 4).
avgT, the response variable, is defined as the percentage of the
maximum potential tokens harvested per round by a group
(avgT), and change is a dummy variable that assumes a value of
0 in rounds 1–3 (pre growth-rate change), and a value of 1 in
rounds 4–6 (post growth-rate change). Figure 4 illustrates, as
above, the marginal effects of g and ToM, and the importance of
both high g and high ToM for sustainably managing the
resource in the HL treatment. Panels HLr4-b and HLr4-a
indicate the marginal effects of g and ToM before (-b) and after
(-a) the ecological change in the HL treatment. These panels
illustrate that groups with higher competency in both cognitive
abilities harvest closer to the optimal level (indicated by the
dark blue color on the top right corner of panels HLr4-b and
HLr4-a). When both g and ToM are high, groups harvest a
greater percentage of potential tokens because they cooperate
better and do not collapse the resource base as quickly as
groups with only high g or high ToM. In contrast, prior to the
resource change in the LH treatment, groups with high g do
better than groups with high g and high ToM or just as well. In
other words, when conditions improve, groups with high g are

























































































































































































































































































Fig. 2 Effects of g and ToM on Time. Blue color= group harvested for more time (i.e. did not or collapsed the resource later). LH low-to-high resource
growth treatment, HL high-to-low resource growth treatment. The different figure panels represent the marginal effects of g and ToM for the different
models portrayed in Supplementary Table 2
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hence harvest closer to the optimal level (the dark blue is in the
lower right-hand corner of all effect plots labeled LH in Fig. 4,
and Supplementary Fig. 9).
In sum, when conditions deteriorate (HL treatment) Figs. 2–4
illustrate that groups with high g but low ToM push a system
closer to its ecological limits, are more likely to deplete resources
faster, and harvest a lower percentage of potential tokens. Groups
high in both g and ToM put less harvest pressure on the resource
base, are more likely to avoid resources depletion altogether, and
harvest a greater percentage of tokens. When the ecological
change is positive (LH treatment), groups with higher g tend to
harvest a greater percentage of potential tokens. This most likely
occurs because these groups realize the novel opportunity
presented by the decreased likelihood of resource depletion in
that environment
Discussion
This work contributes to identifying how a functional diversity of
cognitive abilities affects the ability of groups to manage resources
sustainably. It is well understood that functional diversity
increases the stability of ecosystems faced with disturbances1. The
effects of diversity in social systems are more contextual48–52. For
example, some argue that less ethnic and religious diversity
promotes the governance of resources because homogeneity
reduces uncertainty within the social domain and, at the same
time, may increase trust53,54. On the other hand, such diversity
also generates different learning heuristics and perspectives,
which may increase the ability of social groups to innovate and
adapt to social change2,55. Previous studies also indicate that
personality and behavioral diversity have long-term positive
























































































































































































































































































Fig. 3 Marginal effects of g and ToM on ΔT. Blue color less change between the first three and the second three rounds, LH low-to-high resource growth
treatment, HL high-to-low resource growth treatment. The different figure panels represent the marginal effects of g and ToM for the different models
portrayed in Supplementary Table 3
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informational diversity may decline with prolonged contact
between team members50,51,56,57. Our approach contributes to
sorting out why the effects of diversity are contextual by con-
sidering g and ToM as analogous to functional traits that provide
the cognitive infrastructure for individuals and groups to adapt to
social and ecological change.
Overall, our results illustrate that round-to-round, groups
with a high g but low ToM spend the most time staring at a
blank screen and put the most pressure on the resource after an
ecological change (see Figs. 2 and 3). However, only when
conditions deteriorate do groups with high g and high ToM
really reap the benefits of functional diversity, in terms of
overall tokens harvested (see Fig. 4). Over the first three rounds,
groups with high g and low ToM understand how to optimize
token harvest and work to maximize their profit. This behavior
also implies pushing the resource closer to its breaking point
and risks a collapse. This risk materializes more often round-to-
round among high g and low ToM groups. At the same time,
groups with high ToM and low g are also more likely to increase
pressure on resources as shown in Fig. 3, especially when the
growth rate of resources declines (HL treatment); however they
are, we speculate, better able to re-negotiate and avoid the
resource collapse than high g, low ToM groups as depicted in
Fig. 2.
Based on the experimental evidence presented here, we reason
that groups with high g and high ToM manage a common pool
resource more sustainably than groups with high g or ToM alone,
especially in the case of a negative change to the resource
(HL treatments). In fact, our results indicate that groups either
high in g or high in ToM alone harvest common pool resources
less sustainably than groups with high values of g and ToM. This
result is most robust in the HL treatment (see HL panels in Figs. 2
and 3, Supplementary Tables 2 and 3). In our LH treatment, the
effects are the same, but not significant with respect to speed of
resource depletion (see Supplementary Table 2). In the LH
treatment, the history of success or failure in the previous round
is the main variable with a significant effect on the sustainable
harvest of resources. Thus, as anticipated, cognitive abilities seem
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Fig. 4 Effects of g and ToM and change on average tokens collected as % of maximum tokens available. Blue color group harvested less, HL high-to-low
resource growth treatment, LH low-to-high resource growth treatment, -b marginal effect when change= 0 (before change), -a marginal effects when
change= 1 (after change). The different figure panels represent the marginal effects of g and ToM for models Hr4 and LHr4 portrayed in Supplementary
Table 5
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Taken together, the experimental results presented here hint at
the possibility that a deficit in either g or ToM leads to less
beneficial group outcomes (sustained resource use), and, espe-
cially where g is high and ToM low, more selfish behaviors that
maximize an individual’s short-run harvest. The patterns
observed fit experimental data beyond our study. For example, in
time pressure experiments, which reduce cognitive function (g),
individuals cooperate much more in public goods games and one
shot prisoner’s dilemmas58. Further, in a meta analysis of
76 studies, Imuta and colleagues find a positive and statistically
significant association between ToM and pro-social behavior
among children 2–12 years old59.
Our results are also consistent with recent literature in psy-
chology suggesting that ToM (but not g) is the key individual
level factor predicting how well groups perform on a battery of
tasks (group intelligence)39. Groups with high g and low ToM
harvest faster and push the resource system closer to its
breaking point following a change in resource growth rate. This
does not occur where both g and ToM are high, perhaps sig-
naling the emergence of a more well developed group intelli-
gence. Similarly, Gonzalez-Forero and Gardner use a first
principles model of metabolic costs to illustrate that a combi-
nation of two types of games, individuals vs. nature (selecting
for high g) and groups vs. nature (selecting for higher ToM or
more social learning) accounts for 90% of variation in brain size
and life history of our species60. Our results are consistent with
the idea that both individual level intelligence and functioning
as social groups are important for humans to solve social-
ecological challenges.
We suspect that the salience of a functional diversity of cog-
nitive abilities for sustainably managing resources depends on a
system’s social and ecological complexity. In fact, we can classify
any social-ecological governance challenge along two axis, one
related to the degree of social complexity and one to the degree of
the ecological complexity (see also ref. 61). Social complexity
refers to the number of different objectives, the degree of con-
tentious objectives, the degree of cooperation or conflict, and the
degree of knowledge fragmentation. Ecological complexity refers
to the diversity, non-linearity, and predictability of processes
within the ecological system. Our experimental treatments fall
between a simple and a wicked problem (see Fig. 5). The low-to-
high treatment effectively represents a simpler problem in which
intelligence is much less salient and reciprocity takes over as the
main driver of harvest dynamics. We propose that the salience
and benefits of functionally diverse and high competence cogni-
tive abilities increases as a problem increases in both social and
ecological complexity. However, to better assess the relationship
between functional diversity of cognitive abilities and social and
ecological complexity, more studies are needed. Future experi-
mental studies could increase the ecological complexity by
changing the resource dynamics (different threshold of regrowth,
introducing high non-linear growth functions, giving different
types of signal or cues etc.) as well as the social complexity by, for
example, priming participants differently, and/or allowing for
different compensations dependent on different objectives for
each participant (or for groups of participants).
To summarize, collective action is essential for social groups to
solve complex ecological problems. While it is known that
institutions –rules and norms– have a key role in increasing
sustainability of common pool resources, it is individuals that lie
at the base of institutions. Individuals make and change rules and
norms as environments change. Yet, there have been few studies
that investigate the role of cognitive abilities in promoting col-
lective action in changing ecological settings. Cognitive abilities
underlay the ability of individuals to build models of their social
and ecological circumstances and, thus, make decisions about
how to collectively manage resources. In this paper we have
begun to disentangle the relationship between individual cogni-
tive abilities (ToM and g) and the ability of groups to act col-
lectively to manage common pool resources sustainably in a
changing environment. Consistent with the functional intelli-
gences proposition, results from two experimental treatments
illustrate how groups with both high g and ToM outperform
groups with high g or ToM alone, especially when faced with
negative environmental change.
Hence, in our experimental setting, a diversity and high
competency of different intelligences—g and ToM—is key to
sustainably manage resources. Just as a functional diversity of
traits increases and maintains the efficiency and stability of eco-
systems, a functional diversity of intelligence increases the ability
of groups to sustainably harvest resources, especially in degrading
environments.
Problems that need
increasingly higher g to be
solved as there is increased
uncertainty/knowledge
needs with respect to the
system's ecological
dynamics
Problems that can be
solved independent on
having high g or high ToM
Problems that increasingly need higher ToM to be solved
as there exist increasing knowledge fragmentation and
multiple and conflictual abjectives within the social system
Wicked problems (very high



















Fig. 5 Relation between ecological complexity, social complexity (including contentiousness of the problem) and relative importance of g and ToM
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Methods
The experiment in a nutshell. The common pool resource system consists of a
spatially dispersed resource (tokens) that grows according to a density dependent
function (see Supplementary Method 5). The growth of the resource is not known
by the participants. Each participant in our experiment was paid $0.02 per unit of
resource harvested (tokens). Thus, individuals constantly faced the temptation to
harvest as many tokens as they could, as quickly as they could, to maximize their
revenue in the short-run. However, so doing always has a community cost in the
experiment: the resource base may be depleted quickly. In each experimental
treatment, groups of four anonymous individuals harvest tokens for 6 rounds (180
s each) on a 20×20 grid (see Supplementary Method 5). In treatment #1 (high
resource-to-low resource growth—HL), we evaluated the effect of a negative change
in the growth rate of the resource base on the ability of groups to collectively
harvest tokens. In this treatment, individuals harvest tokens in rounds 1–3 with a
high re-growth rate, and in rounds 4–6 with a low regrowth rate. In treatment #2
(low resource-to-high resource growth—LH), we evaluated the effect of a positive
change in the growth rate of the resource base on the ability of groups to collec-
tively harvest tokens. In this treatment, individuals harvest tokens in rounds 1–3
with a low regrowth rate, and in rounds 4–6 with a high regrowth rate. Both
negative and positive change relate to a halving or doubling of the resource growth
rate. In both experimental treatments, individuals were allowed to communicate
before each round of the game but were never informed about the change in the
growth rate of the resource base nor how many rounds they would play. See
Supplementary Method 5, 6 and 7 for the experimental design, recruitment and
protocol. This study complied with with all relevant ethical regulations for work
with human participants, and informed consent was obtained by each participant.
This study was approved by the Institutional Review Board (IRB) at Utah State
University (protocol # 7664) and at the University of Texas at San Antonio
(document # HRP-522, IRB number 16–256).
Measuring governance of the resource. The first performance measure is the
Time per round that a group stares at a blank screen because they have collapsed
their resource base. Time relates to the ability of groups to avoid collapse of
resources before the time of a round comes to an end. We rescale time to the [0,1]
interval, where 0= tokens harvested until the end of a round and 1= indicates an
immediate resource collapse. The second performance measure is the change in
performance between the first three1,3 and the second three rounds4,6 based on the
maximum theoretical average tokens collected: ΔT, where ΔT=AvgT1,3−AvgT4,6.
AvgT1,3 is the average number of tokens collected as a % of maximum possible
tokens in the first three rounds (55 token per individual in case of high growth rate,
and 36.25 tokens per individual per round in case of low growth rate), and AvgT4,6
is the average number of tokens collected in the second three rounds (calculated as
described for the first three). We also employ avgT on its own in order to assess
group performance as the number of tokens collected by groups each round (see
Supplementary Method 1, Supplementary Table 1 and Supplementary Figs. 4–6 for
more details on how ΔT and avgT were calculated). avgT thus represents the
average tokens harvested (as % of maximum possible tokens) of a group in rounds
1–3 and in rounds 4–6. All three dependent variables measure different aspects of
group performance with respect to resources. Groups that increase harvest pressure
after changes (higher ΔT are possibly not identifying local resource dynamics, and/
or are not able to re-negotiate resource allocation and harvest, hence leading to a
higher probability of resources collapsing (higher Time) and overall fewer tokens
collected (lower avgT). On the other hand, when environmental conditions
improve, we would not expect a strong relationship between increased harvest
pressure and resource depletion nor overall tokens collected.
Measuring g, ToM, and other independent variables. To measure g, participants
were asked to release their official ACT/SAT scores. ACT/SAT scores correlate
highly with IQ scores and other measures of g (corrected r= 0.8662–64,), which
drives the predictive validity of cognitive tests13,270–301. We used equivalence tables
from the College Board 2016 in order to transform SAT scores into ACT scores65.
As a proxy for group g we averaged such scores at the group level. To measure
ToM, each participant in our experiments completed a short story test designed to
measure social reasoning (the SST)66—see also Supplementary Note 1 and Sup-
plementary Method 8. The SST requires reasoning about the mental states of
characters in a short story66 and measures social-cognitive theory of mind67. Social
cognitive ToM measures the ability to infer others’ intentions and plan potential
courses of action. As a proxy for group ToM we used the minimum ToM score
within a group, following the saying that one “low ToM” can have detrimental
effects on the overall group dynamics by increasing conflict and reducing com-
munication effectiveness. For more information on the variables used and their
descriptive statistics (see Supplementary Note 2 and Supplementary Figs. 1–3.)
The use of average g and minimum ToM to estimate group values of g and ToM
follows from the functional diversity of tasks that the two different cognitive
abilities allow individuals and groups to perform. g is key to understand the system,
and understand changes affecting the system, hence it is important that skills
between participants can be averaged in order to increase the likelihood of a
positive team outcome29. ToM is key for smooth social interactions. To maintain
smooth social interactions all members of the group need to communicate and
diffuse tension, which depends on understanding others at a minimal level. One
individual with very low ToM has the ability to jeopardize the effectiveness of the
whole group38; hence, tasks that are related to ToM are more akin to conjunctive
tasks, and the minimum level should determine the overall group ability to perform
a specific task29.
Finally, we measure ethnic and religious diversity as −Σ(Ci*log(Ci)) where Ci=
Ni/N represents the fraction of individuals of religion or ethnicity i within a group
of four. We assess gender as the % of males within a group. We measure trust via
survey questions (see Supplementary Method 9) and chat volume as the number of
messages exchanged within a group per round.
Statistical models. To assess the effect of g and ToM on ΔT we employ a simple
linear regression model with interaction between g and ToM. The difference in
communication between the first three and the second three rounds is based on:
ΔChat=Avg Chat1,3−Avg Chat4,6.
To assess the effect of g and ToM on Time we employ a general linear model.
Following Papke and Wooldrige68 the model was estimated via quasi-maximum
likelihood as suggested by Gourieroux69. Given the relationship between cognitive
abilities (as shown in70), we assess the following models for both treatments
separately (low-to-high, LH, and high-to-low HL resource regrowth rates,
representing, respectively a positive (LH) and a negative (HL) change in the
environment)—see Supplementary Method 2, 3 and 4, and Supplementary
Tables 2–9 for model results:
EjTimet ¼ β0 þ β1  gþ β2  ToMþ β3  g  ToMþ βi  x
!þ Rt þ ε ð1Þ
ΔT ¼ β0 þ β1  g þ β2  ToM þ β3  g  ToM þ βi  x
!þ ε ð2Þ
and
avgt ¼ β0 þ β1  gþ β2  ToMþ β3  changeþ β4  g  ToMþ β5  g  change
þβ6  ToM  changeþ β7  g  ToM  changeþ ε
ð3Þ
where βi  x
!
is the vector representing additional variables: ΔChat for Eq. (1), and
Chat volume for Eq. (2), ethnic diversity, religious diversity, and gender. R= round
groups are playing (only used in Eq. 2), and ε represents the error term.
The GLM is estimated by rescaling the dependent variable Time in the [0,1]
interval, where both 0 and 1 have a theoretical positive probability to be an actual
outcome. Such rescaling allows us to estimate the expected time that each group is
able to use to harvest tokens: EjTime ¼ fð βx!Þ is estimated via quasi-maximum
likelihood, where E|Time is the expected harvesting time per round, and βx
!
is a
vector of model variables including the interaction between g and ToM, with the
addition of the following control variables (inserted one by one, see Supplementary
Table 2): communication volume (difference between the first three rounds and the
second three rounds), ethnic diversity, religious diversity and gender. f(⋅) is the
logistic function: f(g)= eg/(1+ eg).
Ethical approval. This study was approved by the Institutional Review Board (IRB)
at Utah State University (protocol # 7664) and at the University of Texas at San
Antonio (document # HRP-522, IRB number 16-256).
Data availability
All data and codes used to generate figures and tables presented here and in the sup-
plementary information are available upon request to the corresponding author.
Received: 15 April 2018 Accepted: 16 January 2019
References
1. Cardinale, B. J. et al. Biodiversity loss and its impact on humanity. Nature 486,
59 (2012).
2. Page, S. E. Diversity and Complexity. (Princeton University Press, Princeton,
N.J., 2011).
3. Folke, C. Resilience: the emergence of a perspective for social–ecological
systems analyses. Glob. Environ. Change 16, 253–267 (2006).
4. Levin, S. A. Fragile Dominion: Complexity And The Commons. (Perseus Books,
Reading, MA, 1999).
5. Tilman, D. et al. The influence of functional diversity and composition on
ecosystem processes. Science 277, 1300–1302 (1997).
6. Arnold, S. J. Morphology, performance, and fitness. Am. Zool. 23, 347–361
(1983).
7. Violle, C. et al. Let the concept of trait be functional! Oikos 116, 882–892
(2007).
NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08549-8 ARTICLE
NATURE COMMUNICATIONS |          (2019) 10:875 | https://doi.org/10.1038/s41467-019-08549-8 | www.nature.com/naturecommunications 9
8. Wang, R., Li, F., Hu, D. & Li, B. L. Understanding eco-complexity: social-
economic-natural complex ecosystem approach. Ecol. Complex. 8, 15–29
(2011).
9. McCann, K. S. The diversity-stability debate. Nature 405, 228–233 (2000).
10. Elmqvist, T. et al. Response diversity, ecosystem change, and resilience. Front.
Ecol. Environ. 1, 488–494 (2003).
11. Reidsma, P. & Ewert, F. Regional farm diversity can reduce vulnerability of
food production to climate change. Ecol. Soc. 13, 38 (2008).
12. Duffy, J. E., Lefcheck, J. S., Stuart-Smith, R. D., Navarrete, S. A. & Edgar, G. J.
Biodiversity enhances reef fish biomass and resistance to climate change. Proc.
Natl Acad. Sci. USA 113, 6230–6235 (2016).
13. Jensen, A. R. The g factor: The Science Of Mental Ability. (Praeger, Westport,
CT, 1998).
14. Baron-Cohen, S. et al. Social intelligence in the normal and autistic brain: an
fMRI study. Eur. J. Neurosci. 11, 1891–1898 (1999).
15. Dunbar, R. I. The social brain: mind, language, and society in evolutionary
perspective. Annu. Rev. Anthropol. 32, 163–181 (2003).
16. Marlowe, H. A. Social intelligence: evidence for multidimensionality and
construct independence. J. Educ. Psychol. 78, 52–58 (1986).
17. Baggio, J. A. et al. Explaining success and failure in the commons: the
configural nature of Ostrom’s institutional design principles. Int. J. Commons
10, 417–439 (2016).
18. Ostrom, E. Governing The Commons: The Evolution Of Institutions For
Collective Action (Cambridge University Press, Cambridge, UK, 1990).
19. Freeman, J., Coyle, T. R. & Baggio, J. A. The functional intelligences
proposition. Pers. Individ. Dif. 99, 46–55 (2016).
20. Wynne, C. D. Animal Cognition: The Mental Lives Of Animals. (Palgrave, New
York, 2001).
21. Fitch, W. T., Huber, L. & Bugnyar, T. Social cognition and the evolution of
language: constructing cognitive phylogenies. Neuron 65, 795–814 (2010).
22. Ferguson, F. J. & Austin, E. J. Associations of trait and ability emotional
intelligence with performance on Theory of Mind tasks in an adult sample.
Pers. Individ. Dif. 49, 414–418 (2010).
23. Hardin, G. The tragedy of the commons. Science 162, 1243–1248 (1968).
24. Cox, M., Arnold, G. & Tomás, S. V. A review of design principles for
community-based natural resource. Ecol. Soc. 15, 38 (2010).
25. Barnett, A. et al. An iterative approach to case study analysis: insights
from qualitative analysis of quantitative inconsistencies. Int. J. Commons 10,
467–494 (2016).
26. Baldassarri, D. & Grossman, G. Centralized sanctioning and legitimate
authority promote cooperation in humans. Proc. Natl Acad. Sci. USA 108,
11023–11027 (2011).
27. Hauser, O. P., Rand, D. G., Peysakhovich, A. & Nowak, M. A. Cooperating
with the future. Nature 511, 220–223 (2014).
28. Anderies, J. M., Janssen, M. A., Lee, A. & Wasserman, H. Environmental
variability and collective action: experimental insights from an irrigation
game. Ecol. Econ. 93, 166–176 (2013).
29. Barrick, M. R., Stewart, G. L., Neubert, M. J. & Mount, M. K. Relating member
ability and personality to work-team processes and team effectiveness. J. Appl.
Psychol. 83, 377 (1998).
30. Foppa, K. & Frey, B. S. Determinants of human action: possibility sets and the
actor’s knowledge. Poet. Today 9, 223–237 (1988).
31. Jones, G. Are smarter groups more cooperative? Evidence from prisoner’s
dilemma experiments, 1959–2003. J. Econ. Behav. Organ. 68, 489–497 (2008).
32. Stroebe, W. & Frey, B. S. Seif-interest and collective action: the economics and
psychology of public goods. Br. J. Social. Psychol. 21, 121–137 (1982).
33. Kelly, Y. T., Webb, T. W., Meier, J. D., Arcaro, M. J. & Graziano, M. S.
Attributing awareness to oneself and to others. Proc. Natl Acad. Sci. USA 111,
5012–5017 (2014).
34. Dunbar, R. I. M. Constraints on the evolution of social institutions and their
implications for information flow. J. Inst. Econ. 7, 345–371 (2011).
35. Engel, D., Woolley, A. W., Jing, L. X., Chabris, C. F. & Malone, T. W. Reading
the mind in the eyes or reading between the lines? Theory of mind predicts
collective intelligence equally well online and face-to-face. PLoS One 9,
e115212 (2014).
36. Woolley, A. W., Chabris, C. F., Pentland, A., Hashmi, N. & Malone, T. W.
Evidence for a collective intelligence factor in the performance of human
groups. Science 330, 686–688 (2010).
37. Frey, B. S. & Meier, S. Social comparisons and pro-social behavior: testing
“conditional cooperation” in a field experiment. Am. Econ. Rev. 94, 1717–1722
(2004).
38. Meslec, N., Aggarwal, I. & Curseu, P. L. The insensitive ruins it all:
compositional and compilational influences of social sensitivity on collective
intelligence in groups. Front. Psychol. 7, 1–7 (2016).
39. Woolley, A. W., Aggarwal, I. & Malone, T. W. Collective intelligence and
group performance. Curr. Dir. Psychol. Sci. 24, 420–424 (2015).
40. Janssen, M. A., Holahan, R., Lee, A. & Ostrom, E. Lab experiments for the
study of social-ecological systems. Science 328, 613–617 (2010).
41. Putnam, R. D., Leonardi, R. & Nanetti, R. Y. Making democracy work: Civic
traditions in modern Italy. (Princeton University Press, Princeton, 1993).
42. Ostrom, E. A behavioral approach to the rational choice theory of collective
action: Presidential address, american political science association, 1997. Am.
Political Sci. Rev. 92, 1–22 (1998).
43. Baggio, J. A., Rollins, N. D., Pérez, I. & Janssen, M. A. Irrigation experiments
in the lab: trust, environmental variability, and collective action. Ecol. Soc. 20,
12 (2015).
44. Baggio, J. A. et al. Multiplex social ecological network analysis reveals how
social changes affect community robustness more than resource depletion.
Proc. Natl Acad. Sci. USA 113, 13708–13713 (2016).
45. Alesina, A., Devleeschauwer, A., Easterly, W., Kurlat, S. & Wacziarg, R.
Fractionalization. J. Econ. Growth 8, 155–194 (2003).
46. Baggio, J. A. & Papyrakis, E. Ethnic diversity, property rights, and natural
resources. Dev. Econ. 48, 473–495 (2010).
47. Rand, D. G. & Nowak, M. A. Human cooperation. Trends Cogn. Sci. 17,
413–425 (2013).
48. Poteete, A. R. & Ostrom, E. Heterogeneity, group size and collective action: the
role of institutions in forest management. Dev. Change 35, 435–461 (2004).
49. Baland, J.-M. & Platteau, J.-P. Halting Degradation Of Natural Resources: Is
There A Role For Rural Communities? (Food & Agriculture Org., Rome, Italy,
1996).
50. Jarzabkowski, P. & Searle, R. H. Harnessing diversity and collective action in
the top management team. Long Range Plann. 37, 399–419 (2004).
51. Simons, T. L. & Peterson, R. S. Task conflict and relationship conflict in top
management teams: the pivotal role of intragroup trust. J. Appl. Psychol. 85,
102 (2000).
52. Van Vianen, A. E. & De Dreu, C. K. Personality in teams: Its relationship to
social cohesion, task cohesion, and team performance. Eur. J. Work Organ.
Psychol. 10, 97–120 (2001).
53. Putnam, R. D. E pluribus unum: diversity and community in the twenty-first
century the 2006 johan skytte prize lecture. Scand. Political Stud. 30, 137–174
(2007).
54. Fearon, J. D. & Laitin, D. D. Explaining interethnic cooperation. Am. Political
Sci. Rev. 90, 715–735 (1996).
55. Page, S. E. The Difference: How tHe Power Of Diversity Creates Better Groups,
Firms, Schools, And Societies. (Princeton University Press, Princeton, NJ,
2008).
56. Schwenk, C. R. Devil’s advocacy in managerial decision-making. J. Manag.
Stud. 21, 153–168 (1984).
57. Wiersema, M. F. & Bantel, K. A. Top management team demography and
corporate strategic change. Acad. Manag. J. 35, 91–121 (1992).
58. Cone, J. & Rand, D. G. Time pressure increases cooperation in competitively
framed social dilemmas. PLoS One 9, e115756 (2014).
59. Imuta, K., Henry, J. D., Slaughter, V., Selcuk, B. & Ruffman, T. Theory of
mind and prosocial behavior in childhood: a meta-analytic review. Dev.
Psychol. 52, 1192 (2016).
60. González-Forero, M. & Gardner, A. Inference of ecological and social drivers
of human brain-size evolution. Nature 557, 554 (2018).
61. Alford, J. & Head, B. W. Wicked and less wicked problems: a typology and a
contingency framework. Policy Soc. 36, 397–413 (2017).
62. Frey, M. C. & Detterman, D. K. Scholastic assessment or g? the relationship
between the scholastic assessment test and general cognitive ability. Psychol.
Sci. 15, 373–378 (2004).
63. Koenig, K. A., Frey, M. C. & Detterman, D. K. Act and general cognitive
ability. Intelligence 36, 153–160 (2008).
64. Coyle, T. R. & Pillow, D. R. SAT and ACT predict college GPA after removing
g. Intelligence 36, 719–729 (2008).
65. College board,. Concordance tables, URL https://collegereadiness.
collegeboard.org/pdf/higher-ed-brief-sat-concordance.pdf (2016).
66. Dodell-Feder, D., Lincoln, S. H., Coulson, J. P. & Hooker, C. I. Using fiction to
assess mental state understanding: a new task for assessing theory of mind in
adults. PLoS One 8, 1–14 (2013).
67. Nettle, D. & Liddle, B. Agreeableness is related to social-cognitive, but not
social-perceptual, theory of mind. Eur. J. Personal. 22, 323–335 (2008).
68. Papke, L. E. & Wooldridge, J. M. Econometric methods for fractional response
variables with an application to 401 (k) plan participation rates. Journal of
applied econometrics, 11, 619–632. (1996).
69. Gourieroux, C., Monfort, A. & Trognon, A. Pseudo maximum likelihood
methods: Theory. Econometrica. 52, 681–700 (1984).
70. Stauffer, J. M., Ree, M. J. & Carretta, T. R. Cognitive-components tests are not
much more than g: an extension of kyllonen’s analyses. J. Gen. Psychol. 123,
193–205 (1996).
Acknowledgements
The authors have been supported by NSF Grant SMA-1620457.
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08549-8
10 NATURE COMMUNICATIONS |          (2019) 10:875 | https://doi.org/10.1038/s41467-019-08549-8 | www.nature.com/naturecommunications
Author contributions
J.A.B., J.F., and T.R.C., designed the research; J.A.B. and J.F. analyzed the data; J.A.B., J.F.,
T.R.C., T.T.N., D.H., K.E.E., S.N., and D.P. performed the research, J.A.B., J.F., T.R.C., T.
T.N., D.H., K.E.E., S.N., H.J.F.D., and D.P. wrote the paper
Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-08549-8.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer reviewer reports are
available.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2019
NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08549-8 ARTICLE
NATURE COMMUNICATIONS |          (2019) 10:875 | https://doi.org/10.1038/s41467-019-08549-8 | www.nature.com/naturecommunications 11
